Silicon carbide bulk crystals were grown in an induction-heating furnace using the physical vapor transport method. Crystal growth modeling was performed to obtain the required inert gas pressure and temperatures for sufficiently large growth rates. The SiC crystals were expanded by designing a growth chamber having a positive temperature gradient along the growth interface. The obtained 6H-SiC crystals were cut into wafers and characterized by Raman scattering spectroscopy and X-ray diffraction, and the results showed that most parts of the crystals had good crystallographic structures. r
Introduction
Wide-bandgap silicon carbide (SiC) substrates are needed for fabrication of electronic and optoelectronic devices and circuits that can function under high-temperature, high-power, high-frequency and intense-radiation conditions [1] . The physical vapor transport (PVT) method has been widely used to grow SiC bulk crystals since the 1970s [2] , and the diameter of SiC single crystals grown by this method has increased from 50 to 100 mm [3] .
Defects such as micropipes and dislocations in the crystal are main obstacles for its applications. The dislocation generation and propagation is related to the thermodynamics, kinetics and technologies used. Since in situ measurements of temperature, flow velocity, species concentration and growth rate inside the growth chamber are extremely difficult, physics-based process modeling is a powerful tool by which one can develop a better understanding of the transport phenomena and physics in a SiC growth system. The process modeling tool can also help in optimizing the growth process.
Experiments
A SiC growth system was set up in our lab, which consists of a radio-frequency (RF) copper coil, quartz tube, carbon insulation, graphite susceptor, crucible and other components. The graphite crucible is filled with a SiC powder charge, and a SiC seed is placed on the bottom of the crucible lid. An RF induction power supply is used to generate heat in the graphite susceptor, and the SiC powder charge is then heated by the crucible. A mass flow meter was used to control the inert-gas pressure in the growth chamber. Two pyrometers were used to measure temperatures at the top and bottom of the crucible.
High-quality 6H-SiC crystals were grown according to the procedures in Ref. [1] . The growth process consists of following steps. In the vacuum degassing stage, a low gas pressure (10 À3 Pa) and an evacuation temperature temperature is gradually increased in a high-purity argon environment of 1 atm to the growth temperature and stabilized to achieve an optimum DT between the source and the seed; in the growth stage, a programmed argon pressure reduction to 10 Paopo 2.66 Â 10 4 Pa is used to achieve low-defect nucleation and uniform epitaxy on the oriented seed crystal, and boule growth begins; in the cooling stage, the temperature is gradually reduced after the growth is completed. The difference of temperature between the charge and seed during the growth stage depends on the system configuration, and is considered critical to the crystal quality.
Numerical simulation
Crystal growth modeling has been performed to obtain the required inert-gas pressure and temperatures for sufficiently large growth rates. Modeling is based on the PVT growth theory first proposed in Ref. [4] , which assumes that the growth rate is proportional to the supersaturation of SiC species near the growth interface. The predicted growth rates at growth pressures of 8-12 kPa are shown in Fig. 1 , where the growth rate has an Arrhenius-like dependence on the bottom-hole temperature for growth pressures of 8, 10 and 12 kPa.
Temperature distributions in the growing crystals were obtained [5] and the seed temperature is estimated by numerical simulations as 2671 K for the induction frequency of 8 kHz and current of 1400 A in the induction coil, while the bottom-hole temperature is 2540 K and growth rate is 0.85 mm/h for the growth pressure of 10 kPa [5] . The temperature gradients in the growing crystals in the axial and radial directions are about 20 and 6 K/cm, respectively [5] . We only simulated the temperature distributions and growth rates for several currents in the induction coil (see symbols in Fig. 1) ; one can estimate the temperatures and growth rates for other currents in the coil by the interpolation method. The thermal pack in the growth system was optimized using the numerical simulations to achieve the required seed temperature and temperature gradients. Without modeling and numerical simulation, optimization of the thermal pack would be tedious or even unsuccessful if resources were limited.
Results and discussions
Enlargement of the crystals was performed by designing a growth chamber having a positive temperature gradient along the growth interface. 6H polytype SiC crystal of 50 mm diameter and 25 mm height was grown at a rate of 1.2 mm/h and pressure of 10 kPa using an expansion technique (Fig. 2) . The growth surface was the silicon face of the seed cut at around 81 off the basal direction [0 0 0 1] toward [1 1 2 0]. The crystal polytype is related to the seed temperature and other conditions, and the seed temperature in the current case falls in the temperature range of the 6H polytype growth. The crystals were growing in the direction parallel to the maximum temperature gradient in the current case. A positive radial temperature gradient at the seed surface can initiate an outward growth and depress the polytype growth. Lower temperature at the center of the seed can ensure a higher growth rate at the seed than that at the graphite lid, since the supersaturation of the vapor species is higher at the seed. Fig. 1 . Simulated growth rate versus the bottom-hole temperature. Fig. 2 . 6H-SiC bulk crystal.
ARTICLE IN PRESS
The bulk crystals were sliced into wafers perpendicular to the growth direction (81 off-axis). The wafers were characterized using Raman scattering spectroscopy on a Renishaw RM2000 Microscopic Confocal Raman Spectrometer with an excitation wavelength of 633 nm. Fig. 3 shows the typical Raman spectra. Two predominant sharp lines of 788.04 and 965.06 cm À1 can be clearly observed in Fig. 3 and are indexed to 6H-SiC (they were 789 and 965 cm À1 in Ref. [6] , respectively). The former characterizes the optic mode x ¼ (it was 767 cm À1 in Ref. [6] ). The Raman scattering spectra were also taken at other points and almost no new scattering peaks other than those in Fig. 3 were visible. This further confirms that no other defects such as 4H-SiC are present in the SiC crystals.
XRD was performed on a SiC wafer of 1 in diameter using a wide-angle X-ray diffractometer (Rigaku, RINT2000) with a Cu Ka source (40 kV, 120 mA). The XRD profile showed only one peak indexed to the 6H polytype (Fig. 4) , indicating that most of the wafer exhibited good crystallographic structures. However, Xray topography is necessary to reveal the crystallographic uniformity and perfection of the wafer [7] and will be performed in the future.
SiC samples were etched in the KOH melt at 500 1C for 30 min to reveal micropipe and dislocation defects. Fig. 5 shows the etch pits observable by an optical microscope. Some pits with a diameter of less than 1 mm were seen on the sample surface but we did not observe micropipes, whose diameters are usually in the range of 10-50 mm.
Conclusions
Silicon carbide bulk crystals were grown using the physical vapor transport (PVT) method. Crystal growth modeling was used to obtain the required inert-gas pressure and temperatures for sufficiently large growth rates. We expanded the crystals by designing a growth chamber which has a positive temperature gradient along the growth interface. The obtained 6H-SiC crystals were cut into wafers and characterized by Raman scattering spectroscopy and X-ray diffraction, and the results showed that most parts of the crystals exhibited good crystallographic structures. The modeling and numerical simulations were used for optimization of the thermal pack and facilitated the growth of 2-in SiC crystals.
